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It is generally believed that the shadows of either a black hole or naked singularity arise due
to photon spheres developing in these spacetimes. Here we propose a new spherically symmetric
naked singularity spacetime solution of Einstein equations which has no photon sphere, and we
show that the singularity casts a shadow in the absence of the photon sphere. We discuss some
novel features of this shadow and the lightlike geodesics in this spacetime. We compare the shadow
of the naked singularity here with shadows cast by Schwarzschild black hole and the first type of
Joshi-Malafarina-Narayan (JMN1) naked singularity, where for the last two spacetimes the shadow
is formed due to the presence of a photon sphere. It is seen, in particular, that the size of shadow
of the singularity is considerably smaller than that of a black hole. Our analysis shows that the
shadow of this naked singularity is distinguishable from the shadow of a Schwarzschild black hole
and the JMN1 naked singularity. These results are useful and important in the context of recent
observations of shadow of the M87 galactic center.
keywords : Naked singularity spacetime, Black hole spacetime.
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I. INTRODUCTION
It is well-known that when massive matter clouds un-
dergo a catastrophic continual gravitational collapse, the
total mass collapses into a spacetime singularity. At such
a singularity, the density, pressures and spacetime cur-
vatures diverge [1, 2]. To understand the final state of
such a collapse better, one could consider a collapsing
spherically symmetric compact object within a dynami-
cal spacetime configuration, where the internal dynam-
ical metric seeded by the collapsing matter is matched
externally to a Schwarzschild solution.
When the collapsing matter is homogeneous and dust-
like, the final sate of the gravitational collapse is neces-
sarily a Schwarzschild black hole. It then has a central
spacetime singularity which is covered by a null hyper-
surface [3], known as the event horizon. Since this sin-
gularity is covered by a null surface, so no information
from the same can travel to any other spacetime events
or faraway observers. As this singularity is not causally
connected to any other spacetime points, it is a spacelike
singularity.
On the other hand, there can be other types of sin-
gularity which are causally connected with other space-
time points. Such causally connected singularities are
also known as naked singularities. There are two types
of naked singularities: nulllike and timelike singularities.
One can show that both these singularities can be formed
as the final state of gravitational collapse of an inhomo-
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geneous matter cloud [4–12]. There are many well known
spacetimes, e.g. Joshi-Malafarina-Narayan (JMN) space-
times [8, 9], Janis-Newman-Winicour (JNW) spacetime
[13], which have central timelike singularities. It can also
be shown that the timelike and null singularities formed
during a gravitational collapse of massive matter cloud
can be gravitationally strong [4–12]. Around a strong
curvature naked singularity, the quantum gravitational
effects should be very large and powerful. This may indi-
cate and imply a possible quantum gravity resolution of
strong spacetime singularity that may happen around the
extreme curvature regions of a spacetime [14–16]. There-
fore, as timelike and null strong singularities are causally
connected to the other external spacetime points, the
quantum gravity effects can be locally or globally ob-
servable.
In [8, 9], it is shown that JMN spacetimes with cen-
tral timelike singularities are obtained as the asymptotic
equilibrium state of a quasi-static gravitational collapse.
Also, it is important to investigate the observational sig-
natures of timelike singularities in the context of recent
observation of shadow of the M87 galactic center by the
Event Horizon Telescope (EHT) collaboration [19]. As
for our own galaxy, the trajectories of ‘S’ stars around
our galactic center as observed by the GRAVITY and
SINFONI collaboration [20–22] are providing very useful
data. Recently, many studies have been made [10, 23–
41], where the behaviour of timelike and null geodesics
around timelike singularities and other compact objects
has been investigated. In [32, 34], the shadows cast by
JMN spacetimes are investigated and it is shown that the
shadow cast by first type of JMN spacetime (JMN1) can
be similar to the shadow cast by the Schwarzschild black
hole. JNW naked singularity spacetime also can cast a
shadow, and the properties of the shadow can be similar
to the Schwarzschild black hole shadow [34, 35].
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2It is worth noting, however, that for JNW and JMN1
spacetimes, it is the existence of photon sphere that
causes the shadow. On the other hand, in [43], it is shown
that a thin matter shell can also cast a shadow in the ab-
sence of a photon sphere in the spacetime. These results
emphasize that the occurrence of a shadow is not a prop-
erty of black holes only, but it also can be cast by other
compact objects in the presence of a photon sphere or
thin shell of matter [32, 34, 43].
In this paper, we present another new naked singular-
ity solution of Einstein equations which resembles with
a Schwarzschild spacetime at large distances. We show
that this naked singularity spacetime can cast and admit
a shadow though it has no photon sphere, or any thin
shell of matter. The interesting fact that emerges is that
the shadow is created by the singularity itself. This is an
intriguing feature, because just like a black hole or other
compact objects, the singularity itself, when not covered
by an event horizon, behaves like an ‘object’ in its own
right, even to the extent of casting a shadow. Our anal-
ysis here shows that the size of shadow of the singularity
is considerably smaller than that of a black hole. It is
seen that the shadow of this naked singularity is distin-
guishable from shadow of a Schwarzschild black hole and
JMN1 naked singularity. Since the shadow is cast by the
singularity, one may possibly speculate that the effect of
quantum gravitational resolution of the singularity could
be likely identified from the observed shadow and the
various detailed physical features it may exhibit. Also,
this novel feature of the spacetime singularity could be
important in the context of the recent observations of
shadow of the galactic center M87.
The plan of the paper is as follows. In section (II), we
discuss the JMN1 spacetime and the new asymptotically
flat naked singularity spacetime is presented. In section
(III), we discuss the nature of light trajectories around
the Schwarzschild black hole, JMN1 naked singularity,
and the new naked singularity solution presented here. In
that section, we also discuss the shadow of naked singu-
larity, and compare the same with that of the black hole.
Finally, in section (IV), we discuss our results. Through-
out the paper we take G = c = 1.
II. NAKED SINGULARITY SPACETIMES
In this section, we present a new spherically symmet-
ric, asymptotically flat naked singularity spacetime. We
first discuss the basic spacetime properties of this naked
singularity spacetime, and then we briefly discuss the first
type of Joshi-Malafaria-Narayan (JMN1) spacetime.
A. The Naked singularity spacetime
The line element of the proposed spherically symmet-
ric, static naked singularity spacetime can be written as,
ds2 = − dt
2(
1 + Mr
)2 + (1 + Mr
)2
dr2 + +r2dΩ2 , (1)
where, dΩ2 = dθ2 + sin2 θdφ2 and M is a positive con-
stant, where we will prove that M is the ADM mass of
the above spacetime. The expression of the Kretschmann
scalar and Ricci scalar for this spacetime are:
RαβγδR
αβγδ =
4M2
(
(M − 2r)2r4 + 4(M + r)2r4 + (M + r)4(M + 2r)2)
r4(M + r)8
, (2)
R =
2M3(M + 4r)
r2(M + r)4
. (3)
From the above expressions of the Kretschmann scalar
and Ricci scalar it can be seen that the spacetime has
a strong curvature singularity at the center r = 0. No
null surfaces such as an event horizon exist around the
singularity in this spacetime. Therefore, the singularity
is visible to the outside observer. As we know, the ADM
mass of a spacetime can be written as [3, 42],
MADM = − 1
8pi
lim
S→∞
∮
S
(R− R0)
√
σd2θ , (4)
where S is the bounded two-surface. R is the extrinsic
curvature of the two-surface S embedded in spacelike hy-
persurface Σ, R0 is the extrinsic curvature of S embedded
in flat space and the infinitesimal area of the two-surface
is written as
√
σd2θ = r2 sin θdθdφ, where σ is the deter-
menant of the induced metric on the two-surface. The
limit S →∞ implies that the radius of the two-surface S
tends to infinity. For the above spacetime (eq. (1)), the
unit normal on the S can be written as,
nα =
√
grr ∂αr =
(
1 +
M
r
)
∂αr . (5)
The extrinsic curvature of S embedded in Σ can be cal-
culated as,
R = nα;α =
2
r
(
1 + Mr
) , (6)
3and the extrinsic curvature of S embedded in flat space
is R0 = 2r . Therefore, using eq. (4), the ADM mass of the
new naked singularity spacetime (eq. (1)) can be written
as,
MADM = −1
2
lim
r→∞ r
2
[
2
r
(
1 + Mr
) − 2
r
]
= M . (7)
Hence, the ADM mass of the proposed naked singularity
spacetime is M . The above metric (eq. (1)) resembles
with Schwarzschild metric at a large distance. There-
fore, at a sufficient distance from the naked singularity,
the behaviour of timelike and null geodesics are similar to
what is seen in the Schwarzscild geometry. However, near
the singularity, the causal structure of this spacetime be-
comes different from the causal structure of Schwarzscild
spacetime. Distinguishable behaviour of null geodesics
and the shadow cast by the naked singularity in tnis
spacetime are discussed in the next section.
Using Einstein field equations, we can write the energy
density and pressures of this naked singularity spacetime
as:
−T tt = ρ =
M2 (M + 3r)
κr2 (M + r)
3 , (8)
T rr = pr = −
M2 (M + 3r)
κr2 (M + r)
3 , (9)
T θθ = T
φ
φ = pθ = pφ =
3M2
κr4
(
1 +
M
r
)−4
. (10)
To satisfy strong, weak and null energy conditions, we
need
ρ =
M2 (M + 3r)
κr2 (M + r)
3 ≥ 0 , (11)
ρ+ pr ≥ 0, (12)
ρ+ pθ =
M2
(
M2 + 4Mr + 6r2
)
κr2 (M + r)
4 ≥ 0, (13)
ρ+ pr + 2pθ =
6M2
κr4
(
1 +
M
r
)−4
≥ 0 , (14)
and it can be easily verified that all these conditions
are fulfilled for this spacetime. As it can be seen, this
spacetime is seeded by an anisotropic fluid, where the
anisotropy in the pressures can be written as:
pr − pθ = −
M2
(
M2 + 4Mr + 6r2
)
κr2 (M + r)
4 (15)
The equation of state (α) for an anisotropic fluid can be
written as [44]:
α =
2pθ + pr
3ρ
. (16)
Therefore, using Equ. (8), (9) and (10), we can write the
equation of state for this spacetime as,
α =
2(
3 + Mr
) (
1 + Mr
) − 1
3
, (17)
where we can clearly see that as r tends to zero, equation
of state becomes −1/3. On the other hand, as r tends to
infinity, equation of state becomes +1/3. It is important
to know the source of the anisotropic fluid which seeds
such a particular spacetime. As we know, to be a mini-
mally coupled static scalar field solution [44] of Einstein
equations, a spacetime should satisfy :
Rµν − 1
2
gµνR = κ
(
gµνL+ 2
∂L
∂gµν
)
, (18)
where L =
(− 12gαβ∂αΦ∂βΦ− V (Φ)) and Φ is scalar field
which satisfyΦ(r) = V ′(Φ(r)), where V (Φ) is the scalar
field potential. Using the above equations, one can check
that for minimally coupled scalar field solution, we need
ρ+pθ = 0. From eqs. (8,9,10), it is easy to verify that this
naked singularity spacetime is not a minimally coupled
scalar field solution of Einstein equations.
B. First type of Joshi-Malafarina-Narayan (JMN1)
Spacetime
The line eliment of the JMN1 spacetime can be written
as,
ds2 = −(1−M0)
(
r
Rb
) M0
1−M0
dt2 +
dr2
1−M0 + r
2dΩ2 ,(19)
where the dimensionless quantity M0 should be 0 <
M0 < 1 and at Rb, JMN1 spacetime matches with the
external Schwarzschild spacetime. In [8], it is shown that
in asymptotic time, JMN1 spacetime can be formed as
an endstate of the gravitational collapse of anisotropic
matter fluid. This spacetime has a timelike strong singu-
larity at the center [8]. Using the parameters of JMN1
spacetime, the external Schwarzschild spacetime can be
written as,
ds2 = −
(
1− M0Rb
r
)
dt2 +
dr2(
1− M0Rbr
) + r2dΩ2 .
One can prove that this spacetime smoothly matches
with external Schwarzschild metric. JMN1 spacetime is
an anisotropic fluid solution of Einstein equations, where
the energy density and pressures can be written as,
ρ =
M0
r2
, Pr = 0, Pθ =
M20
4(1−M0)r2 . (20)
Therefore, the equation of state for this spacetime can
be written as, α = M06(1−M0) . There are many literature
where particle trajectories in JMN1 spacetime and the
4shadow cast by the same is discussed, and it is shown that
those results are very important to understand the dis-
tinguishable observational signatures of black holes and
naked singularities.
In the next section, we discuss about the properties of
lightlike geodesics and the shadow of naked singularity
mentioned in eq. (1).
III. SHADOWS OF NAKED SINGULARITY
AND BLACK HOLE SPACETIMES
A spherically symmetric, static spacetime can be writ-
ten as,
ds2 = −gttdt2 + grrdr2 + r2(dθ2 + sin2 θdφ2) , (21)
where gtt, grr are the functions of r only and the az-
imuthal part of the spacetime shows the spherical sym-
metry. For the lightlike geodesics in the above spacetime,
in the θ = pi2 plane, we can write
1
b2
=
gttgrr
h2
(
dr
dλ
)2
+ Veff , (22)
where the effective potential Veff = gtt/r
2 and the im-
pact parameter b = hγ , where γ and h are conserved
energy and conserved angular momentum per unit rest
mass respectively. In the above equation, we use kµk
µ =
0, where kµ is the null four- velocity. From the na-
ture of effective potential of photons, one can investigate
the stable and unstable orbits of photons. As we know,
when this effective potential has a maximum value at
some radius, we get unstable circular lightlike geodesics.
The sphere corresponding to the radius of these unsta-
ble circular lightlike geodesics is known as the photon
sphere. At the photon sphere radius (rph), we can write
Veff (rph) =
γ2
h2 , V
′
eff (rph) = 0 and V
′′
eff (rph) < 0.
When these conditions are satisfied in a spacetime,
we can say that there would exist a photon sphere at
rph. For Schwarzschild spacetime, photon sphere exists
at rph = 3MT , where MT is the Schwarzschild mass. The
turning point (rtp) of lightlike geodesics can be found
when Veff (rtp) =
γ2
h2 =
1
b2tp
. Therefore, from the ex-
pression of Veff , at the turning point, we can write the
impact parameter btp as,
btp =
rtp√
gtt(rtp)
. (23)
In a spacetime, when only one extremum value of ef-
fective potential of null geodesics exists and if the ex-
tremum value is the maximum value of the potential,
then the minimum impact parameter of turning point of
light geodesics is btp = bph, where bph is the impact pa-
rameter corresponding to the photon sphere. Lightlike
geodesics, coming from faraway source, cannot reach to
the faraway observer with the impact parameter b < bph.
They will be trapped inside the photon sphere. There-
fore, the light geodesics coming from behind the lens with
impact parameter b < bph, cannot reach to the outside
observer and this creates a shadow of radius bph in the
observer’s sky. Hence, one can conclude that in this case,
it is the photon sphere’s shadow which can be seen in ob-
server’s sky. On the other hand, when the photon sphere
does not exist in a spacetime and the effective potential
diverges at origin, then such a shadow would not form in
that spacetime.
In fig. (1), we show the trajectory of photons which
are coming out from the far away source and deflected
due to the curvature in JMN1, Schwarzschild and the
new naked singularity spacetimes. In JMN1 spacetime,
photon sphere exists when M0 >
2
3 and for M0 <
2
3 ,
photon sphere does not exist. For M0 >
2
3 , JMN1
spacetime matches with external Schwarzschild metric at
Rb < 3MT , where MT is the Schwarzschild mass. There-
fore, effectively, the spacetime configuration has a photon
sphere which is in the external Schwarzschild spacetime.
However, inside the photon sphere, at the center, there
exists a spacetime singularity which is not covered by
any event horizon. Therefore, around the photon sphere
lightlike geodesics behave in the similar way what can be
seen around the photon sphere of a black hole. The effec-
tive potential and the behaviour of lightlike geodesics in
JMN1 spacetime are shown in fig. (1(a)) and fig. (1(b))
respectively, where we take Schwarzschild mass MT = 1
and M0 = 0.7. Therefore, the JMN1 spacetime matches
with external Schwarzschild spacetime at Rb = 2.857 and
the radius of the photon sphere corresponding to the ex-
ternal Schwarzschild spacetime is rph = 3. Hence, for
M0 >
2
3 , shadow is effectively cast by the photon sphere
of the external Schwarzschild spacetime. In fig. (1(c))
and fig. (1(d)), we show the effective potential and na-
ture of light geodesics respectively in the Schwarzschild
spacetime with Schwarzschild mass MT = 1. The brown
circles in fig. (1(b)) and fig. (1(d)) show the size of pho-
ton sphere (rph = 3) in JMN1 spacetime configuration
and in Schwarzschild spacetime respectively and the red
circles in these two figures, show the size of the impact
parameter (bph) corresponding to the radius of the pho-
ton sphere. From the eq. (23), one can calculate that the
shadow radius or the impact parameter corresponding to
the photon sphere radius is bph = 3
√
3MT = 3
√
3.
For the new naked singularity spacetime, the minimum
turning point radius is rtp = 0. In fig. (1(e)), it is shown
that the effective potential of lightlike geodesics has a
finite value. Therefore, photons with finite energy can
reach very close to the central naked singularity. Photons
having energy Eph ≥ Veff (0), can reach to the central
singularity. Now, the value of effective potential and the
impact parameter corresponding to the minimum value
of the radius of the turning point (i.e. rtp = 0) are,
Veff (rtp)|rtp=0 =
1
(rtp +M)2
|rtp=0 =
1
M2
, (24)
btp|rtp=0 = (rtp +M)|rtp=0 = M . (25)
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FIG. 1: In figs. (1(a)), (1(c)), (1(e)) , we show the nature of effective potentials of the null geodesics in JMN1, Schwarzschild and
the naked singularity spacetime given here respectively. In figs. (1(b)), (1(d)), (1(f)), the light trajectories in these spacetimes
are shown. In figs. (1(b)), (1(d)), (1(f)), the blue lines are the null geodesics. Effective potential of lightlike geodesics in JMN1
spacetime configuration is shown in fig. (1(a)). As we can see, the effective potential has a maximum value in JMN1 spacetime
configuration and in Schwarzschild spacetime. Therefore, for these two spacetimes, photon spheres exist. The brown circles in
figs. (1(b)), (1(d)), show the size of the photon sphere. The red circles shows the size of the shadow. Detailed analysis of these
figures is given in the text.
6Therefore, we can get finite value of the impact parame-
ter corresponding to the zero value of minimum turning
point radius and that finite value of the impact parame-
ter btp(rtp = 0) = M , where M is the ADM mass of the
naked singularity spacetime given here. Hence, though
the value of the minimum turning point radius is zero,
due to the finite value of corresponding impact parame-
ter, in this case also, the lightlike geodesics coming from
a distant source with impact parameter b < M , must be
trapped closer to the singularity. Therefore, in this naked
singularity spacetime, the curvature of the spacetime it-
self around the singularity, can cast a shadow in the ob-
server sky, even when there exists no photon sphere in
this case. As the minimum turning point of the photons is
at the singularity, one can conclude that it is the shadow
of the singularity itself. In fig. (1(f)), we show the nature
of lightlike geodesics in this naked singularity spacetime.
In that figure, the lightlike geodesic highlighted in black
corresponds to the critical impact parameter btp = M .
From figs. (1(b)), (1(d)) and (1(f)), the distinguishable
nature of lightlike geodesics in the new naked singularity
spacetime, and in JMN1 and Schwarzschild spacetimes,
can be clearly seen. We note that to visualize the shadow
of a central massive object which can be seen in a physi-
cal situation, one needs to calculate the intensity of light
coming out from the accreting matter around the massive
central object.
In this paper, for simplicity, we have considered spher-
ically symmetric, radially freely falling, thin accreting
matter which radiates monochromatic radiation, where
the emissivity (in the emitter frame) per unit volume
falls as,
j(νe) ∝ δ(νe − ν∗)
r2
, (26)
where νe is the emitted photon frequency as measured in
the rest frame of the emitter. The intensity of the light
coming out from the accreting matter can be written as
the function of X,Y which are the coordinates of the
asymptotic observer’s sky [41],
Iνo(X,Y ) =
∫
γ
g3j(νe)dlprop , (27)
where g = νo/νe is the redshift factor and dlprop is the
infinitesimal proper length in the rest frame of emitter
with dlprop = −kαuαe dλ, where kµ is the null four ve-
locity and uαe is the timelike four velocity of the emitter.
Here λ is the affine parameter and the integration is done
along the lightlike trajectory γ. The redshift factor can
be written as,
g =
kαu
α
o
kβu
β
e
(28)
where, uµo = (1, 0, 0, 0) is the four velocity of the static
distant observer. As we mentioned before, in this pa-
per, we consider spherically symmetric accreting mat-
ter which is radially freely falling. The components of
four velocity of radially freely falling particle in a general
spherically symmetric, static spacetime (eq. (21)) can be
written as,
ute =
1
gtt
, ure = −
√
(1− gtt)
gttgrr
, uθe = u
φ
e = 0 (29)
Using the components of four velocity of radially freely
falling matter we can write down the redshift factor as,
g =
1
1
gtt
− krkt
√
(1−gtt)
gttgrr
, (30)
where
kr
kt
=
√
gtt
grr
(
1− gttb
2
r2
)
. (31)
Now, the eq. (27) can be written as [41],
Io(X,Y ) ∝ −
∫
γ
g3ktdr
r2kr
, (32)
where Io(X,Y ) is the intensity distribution in the (X, Y)
plane of the observer’s sky, where X2 + Y 2 = b2. Using
the eq. (32), one can simulate the shadow. In figs. (2(a)),
(2(c)), (2(e)), we show how intensity varies with the im-
pact parameter b in the Schwarzschild, JMN1, and the
naked singularity spacetime given here, respectively. In
figs. (2(b)), (2(d)), (2(f)), we simulate the shadows cast
by Schwarzschild, JMN1 and the new naked singularity
spacetimes respectively.
From fig. (2), one can see that due to the presence
of photon sphere in the Schwarzschild spacetime and in
the external Schwarzschild spacetime of the JMN1 space-
time configuration (with M0 >
2
3 ), the shadow radius is
bph = 3
√
3MT = 3
√
3. The shadow cast by the JMN1
spacetime configuration with M0 >
2
3 is not distinguish-
able from the shadow cast by a Schwarzschild black hole
[32]. On the other hand, the radius of the shadow cast
by the new naked singularity spacetime is M , where M
is the ADM mass of the spacetime. If we consider the
ADM mass to be M = 1, then the shadow radius will
be btp|rtp=0 = M = 1. Therefore, the shadow cast by
Schwarzschild black hole and JMN1 naked singularity
spacetime is 3
√
3 times the size of the shadow cast by
the naked singularity considered here.
As we know, in the near future, the Event Horizon
Telescope (EHT) group will release the shadow of the
Sagittarius A* (Sgr-A*). Therefore, it is very important
to theoretically predict the size of the shadow. From
the ‘S’ stars motions around our galaxy center and from
other physical phenomenon it is estimated that the mass
of the central object of our milky way galaxy is around
4.31×106M with an error ±0.38M [41]. If the central
object is a black hole or JMN1 naked singularity then it
is not possible to distinguish the black hole shadow from
a naked singularity shadow. In table (I), it is shown that
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0.2
0.4
0.6
0.8
intensity
(a)Intensity distribution in Schwartzschild spacetime. (b)Shadow in Schwartzschild spacetime.
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(c)Intensity distribution in JMN-1 spacetime. (d)Shadow in JMN-1 spacetime.
-4 -2 0 2 4 b
0.5
1.0
1.5
2.0
2.5
3.0
3.5
intensity
(e)Intensity distribution in new spacetime. (f)Shadow in new spacetime.
FIG. 2: In this figure, the intensity map in observer sky (left column figures) and the shadow of the central object (right column
figures) are shown for Schwarzschild spacetime, JMN1 spacetime configuration (with M0 = 0.7) and the naked singularity
spacetime given here. The radius of the shadow of the Schwarzschild black hole (fig. (2(b))) and JMN1 naked singularity
(fig. (2(d))) is 3
√
3, where the Schwarzschild mass is MT = 1. The shadow shown in the right bottom corner is the shadow of
the new naked singularity spacetime and the size of the shadow is M = 1, where M is the ADM mass.
8TABLE I: Mass of Sagittarius A* and its Shadow size
in Naked singularity and Black hole spacetimes
Object Mass Shadow (diameter)
(M) (µarcsec)
Black hole (4.31± 0.38)× 106 56± 8
JMN Naked singularity (4.31± 0.38)× 106 56± 8
New Naked singularity (4.31± 0.38)× 106 10± 8
the angular size of the shadow of the Schwarzschild black
hole and the JMN1 naked singularity is 56± 8 µarcsec.
However, when such a spacetime exists where a naked
singularity can form the shadow (e.g. the one we have
analyzed here), then the shadow size can be quite differ-
ent for the same value of the ADM mass. In table (I), we
show that the naked singularity spacetime we discussed,
with ADM mass (4.31 ± 0.38) × 106 M, would cast a
shadow of diameter 10± 8 µarcsec.
IV. CONCLUSION
In this paper, we study the nature of light geodesics
and shadow in a new naked singularity spacetime, and
compare the results with the light geodesics and shadow
in the Schwarzschild and JMN1 (with M0 >
2
3 ) space-
times. We show that the nature of light geodesics in
JMN1 and Schwarzschild spacetimes are quite different
from the light geodesics in the proposed naked singular-
ity spacetime. We also show that the shadow cast by the
photon sphere (Schwarzschild and JMN1 with M0 >
2
3
case) is 3
√
3 times bigger than the shadow cast by the
singularity, that happens for the new naked singularity
spacetime, when we take same ADM mass for all space-
times.
The main purpose of this work is to show that the
shadow is not only the property of a black hole or a
photon sphere, but a singularity by itself can also cast
a shadow, as demonstrated explicitly by the example
spacetime we have considered and proposed here. An
important point that follows is, one of the observable sig-
natures of a naked singularity is the shadow that it could
cast. Thus such a shadow could be an important prop-
erty of a naked singularity. Further, the important char-
acteristic of such a shadow of singularity is, it would be
considerably smaller in size, as compared to the shadow
of a black hole. This would provide an important charac-
teristic and observable difference that might distinguish
a singularity from the black hole.
Near the naked singularity, the quantum gravity effects
should be dominant, and therefore, such quantum grav-
ity effects might be menifested or can be observed in the
shadow cast by a naked singularity. This will require a
detailed analysis of the various features encoded in such
shadows. Hence, this novel feature of a naked singularity
may be important as well in the context of recent obser-
vations of the shadow of the galactic center M87 [19], and
for the upcoming image of the center of Milky-way galac-
tic center (Sgr-A*). Of course, what we have given here
is a case study, and more detailed analysis will be needed
to know if shadows are a general feature associated with
singularities.
It is intriguing to note that when proposed initially,
black holes were considered to be highly exotic objects,
and their existence was even doubted sometimes. The
past few decades have, however, seen them to emerge
as more realistic astrophysical objects, used to explain
several cosmic phenomena. Similarly, spacetime singu-
larities, and the naked singularities are seen as probable
exotic entities in the cosmos. But, as shown here, if they
manifest observable features such as casting and creating
shadows in their own right, this could be an interesting
and useful step to bring them in an observable domain
and in the realm of physical reality.
[1] Paul M. Chesler, Ramesh Narayan, Erik Curiel,
arXiv:1902.08323 [gr-qc].
[2] Patrick R. Brady Progress of Theoretical Physics Sup-
plement, Volume 136, April 1999, Pages 2944
[3] E. Poisson, Cambridge University Press. (2004)
doi:10.1017/CBO9780511606601
[4] P. S. Joshi and I. H. Dwivedi, Phys. Rev. D 47, 5357
(1993).
[5] Rituparno Goswami, Pankaj S. Joshi, Cenalo Vaz, and
Louis Witten Phys. Rev. D 70, 084038 (2004).
[6] H. Kudoh, T. Harada and H. Iguchi, Phys. Rev. D 62,
104016 (2000).
[7] Karim Mosani, Dipanjan Dey, Pankaj S. Joshi,
arXiv:2001.04367 [gr-qc].
[8] P. S. Joshi, D. Malafarina and R. Narayan, Class. Quant.
Grav. 28, 235018 (2011).
[9] P. S. Joshi, D. Malafarina and R. Narayan, Class. Quant.
Grav. 31, 015002 (2014).
[10] K. Bhattacharya, D. Dey, A. Mazumdar and T. Sarkar,
Phys. Rev. D 101, no. 4, 044052 (2020).
[11] D. Dey, P. Kocherlakota and P. S. Joshi,
arXiv:1907.12792 [gr-qc].
[12] U. Banik, D. Dey, K. Bhattacharya and T. Sarkar, Gen.
Rel. Grav. 49, no. 9, 116 (2017).
[13] A. I. Janis, E. T. Newman and J. Winicour, Phys. Rev.
Lett. 20, 878 (1968).
[14] R. Goswami, P. S. Joshi and P. Singh, Phys. Rev. Lett.
96, 031302 (2006).
[15] L. Szulc, Class. Quant. Grav. 24, 6191 (2007).
[16] A. Ashtekar, T. Pawlowski, P. Singh and K. Vandersloot,
Phys. Rev. D 75, 024035 (2007).
[17] Hartle, J. B. Addison-Wesley, (2003).
9[18] P. S. Joshi and I. H. Dwivedi, Communications in Math-
ematical Physics volume 146, pages333342(1992).
[19] K. Akiyama et al. [Event Horizon Telescope Collabora-
tion], Astrophys. J. 875, no. 1, L5 (2019).
[20] Gravity Collaboration and Abuter et al. app. 618 L10
[21] F. Eisenhauer et al., Astrophys. J. 628, 246 (2005).
[22] S. Gillessen et al., Astrophys. J. 837, 30 (2017).
[23] Sheng Zhou, Ruanjing Zhang, Juhua Chen and Yongjiu
Wang, International Journal of Theoretical Physics vol-
ume 54, pages29052920(2015).
[24] D. Dey, K. Bhattacharya and T. Sarkar, Phys. Rev. D
88, 083532 (2013).
[25] D. Dey, K. Bhattacharya and T. Sarkar, Phys. Rev. D
87, 10, 103505 (2013).
[26] V Perlick Classical and Quantum Gravity, Volume 9,
Number 4
[27] P. Bambhaniya, A. B. Joshi, D. Dey and P. S. Joshi,
Phys. Rev. D 100, 124020 (2019).
[28] D. Dey, P. S. Joshi, A. B. Joshi and P. Bambhaniya
Int.J.Mod.Phys. D28 (2019) no.14, 1930024.
[29] Satyabrata Sahu, Mandar Patil, D. Narasimha, and
Pankaj S. Joshi, Phys. Rev. D 86, 063010 Published
19 September 2012.
[30] Satyabrata Sahu, Mandar Patil, D. Narasimha, and
Pankaj S. Joshi Phys. Rev. D 88, 103002 Published 6
November 2013.
[31] Rajibul Shaikh, Pritam Banerjee, Suvankar Paul, and
Tapobrata Sarkar Phys. Rev. D 99, 104040 Published
16 May 2019.
[32] R. Shaikh, P. Kocherlakota, R. Narayan and P. S. Joshi,
Mon. Not. Roy. Astron. Soc. 482, no. 1, 52 (2019).
[33] Rajibul Shaikh Phys. Rev. D 100, 024028 Published 15
July 2019
[34] Rajibul Shaikh and Pankaj S. Joshi, Published 28 Octo-
ber 2019 2019 IOP Publishing Ltd and Sissa Medialab
Journal of Cosmology and Astroparticle Physics, Volume
2019, October 2019
[35] Galin Gyulchev, Petya Nedkova, Tsvetan Vetsov, and
Stoytcho Yazadjiev Phys. Rev. D 100, 024055 Published
26 July 2019.
[36] Nstor Ortiz, Olivier Sarbach, and Thomas Zannias, Phys.
Rev. D 92, 044035 Published 18 August 2015.
[37] Ken-ichi Nakao, Naoki Kobayashi, and Hideki Ishihara
Phys. Rev. D 67, 084002 (2003).
[38] Ken-ichi Nakao, Chul-Moon Yoo, and Tomohiro Harada
Phys. Rev. D 99, 044027 (2019).
[39] Nobuyuki Sakai, Hiromi Saida, and Takashi Tamaki
Phys. Rev. D 90, 104013 (2014).
[40] Ramesh Narayan, Michael D. Johnson, and Charles F.
Gammie, The Astrophysical Journal Letters, Volume
885, Number 2.
[41] Cosimo Bambi Phys. Rev. D 87, 107501 Published 3
May 2013.
[42] Leo Brewin, General Relativity and Gravitation volume
39, pages521528(2007).
[43] Dipanjan Dey, Rajibul Shaikh, Pankaj S. Joshi,
arXiv:2003.06810 [gr-qc].
[44] D. Dey, K. Bhattacharya and T. Sarkar, Gen. Rel. Grav.
47, 103 (2015).
